Male infertility is a complex multifactorial pathology that correlates in some extent with semen parameters including sperm counts, motility, morphology, viability and nucleus integrity. The large debate surrounding global decline of semen parameters motivated numerous studies dealing with this important issue. The present article reviews different factors shown to impact on male fertility by affecting semen parameters, namely, epigenetics and sperm genome integrity.
Sperm DNA damage: multicausal aetiologies
The most probable cause for sperm DNA damage may be a protamination failure as a massive remodelling of the sperm chromatin occurs during spermiogenesis. Most of the somatic histones are removed and replaced by transition proteins which are themselves replaced by small basic proteins called protamines. This mechanism is a way of protecting sperm genome against environmental hazard. Numerous factors depicted in figure 1 may alter spermatozoon DNA: Reactive oxygen species (ROS), exogenous chemical agents and radiations. Indeed, during the epididymis transit, spermatozoa are likely exposed to oxidative stress, promoted by leucocytes and any potential infection. Reactive oxygen species (ROS) predominantly induce specific base modification, such as 8-oxo-dG, 8-nitro-dG, or GC to TA transversions due to their high reactivity with strong nucleophilic sites on nucleobases. Oxidative stress is involved in a large number of pathophysiological mechanisms and is a common side effect of exposure to pollutants, through induction of cytochrome P450.
A relationship between ROS and epigenetic changes was suggested as ROS were reported to induce hypermethylation of gene promoter [1] . Male reproductive system was described as particularly vulnerable to pollutants, chemicals (e.g. endocrine disruptors, phtalates, fungicides, pesticides, Polyvinyl Chloride) and physical agents (e.g. High temperatures, electromagnetic waves) introduced and spread by human activities [2, 3] . However, it still is not easy to distinguish an actual epigenetic mechanism in genotoxicity or oxidative damage process.
Male fertility decline and environment
There is a body of proof suggesting a worldwide decline in sperm quality [4] associated with increase in male
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infertility that may be attributed to environmental and genetics factors. It is estimated that about 1 couple out of 7 over the world encounters difficulties to conceive a child [5] and male factor infertility accounts about half of the cases [6] . Male infertility can be due to multiple factors encompassing a wide variety of disorders including testicular failure and semen disorders that have been linked with genetics, environmental factors and epigenetic anomalies [7] [8] [9] [10] [11] [12] [13] . Thanks to the large development of non-invasive molecular biology tools and the easy access to biological samples, semen disorders became the most investigated and documented male infertility factor [14] .
The observed increased disruptive spermatogenesis was shown to be multifactorial. Although several genetic alterations were described in male infertility, these abnormalities only explain a small proportion of the cases [7, 15] . The overall decline in male fertility may be caused by environmental hazard that likely modify sperm epigenome. Any epigenetic alterations during male germ cell development may disrupt spermatogenesis, leading to the production of a reduced number of spermatozoa.
Epigenetic marks and clinical sperm analysis
Several studies have put forward the idea that sperm epigenetic landscape may mirror sperm quality. Indeed, high level of histone methylation, likely as a result of abnormal protamine substitution, is associated with elevated level of double-strand breaks and may be related with a poor sperm quality. Improvements of sperm parameters after selection techniques are routinely used in reproductive biology laboratories. The swim-up technique increases the percentage of normal and motile sperm displaying low DNA fragmentation [16] and the coupled vitality DNA fragmentation analysis helps for therapeutic decision in patients having a high percentage of DNA fragmented spermatozoa [17] .
La Spina and collaborators evaluated and compared several histone markers before and after sperm preparation by density gradient separation. Histone methylation levels were higher in poor motile fraction, which is associated with poor morphology and decreased functional quality. The density gradient technique decreases significantly histone methylation level via the selection of higher quality spermatozoa [18] .
It was also described a positive association of histone methylation level with sperm DNA fragmentation, suggesting like previous reports that higher global methylation can be a marker of poor sperm quality [19] . In addition surgery may positively impact on sperm quality since it was shown that varicocelectomy improved sperm DNA fragmentation and global DNA methylation [20] . Taken together, these observations suggest that the evaluation of sperm methylation landscape may be an indirect means of assessing male fertility.
DNA Methylation profile in spermatozoa and changes associated with male infertility

DNA methylation set up in developing germ cells
Methylation profile setting in germ cells is a complex process that occurs during foetal life (Fig. 2) . During their migration to the genital ridge, primordial germ cells (PGC) undergo wide epigenetic reprogramming including a complete erasure of imprint followed by a resetting depending on the sex of the embryo [21] . Due to such extensive reprogramming, primordial germ cells are vulnerable to environmental factors exposure. Subsequently DNA methylation profile is constantly maintained throughout spermatogenesis and in mature spermatozoa. After fertilization, DNA methylation pattern of imprinted genes remains unchanged and is clonally transmitted to all somatic cells of the individual. Consequently, proper methylation establishment in spermatozoa is required for normal embryo development and offspring health [22, 23] . Several clinical investigations have reported that children conceived using Assisted Reproduction Technology (ART) may be at higher risk of imprinting diseases [24] [25] [26] [27] [28] .
Consequences of changes in sperm DNA methylation on male fertility
Demethylating agents such as 5-azacytidine and 5-aza-2'-deoxycytidine that causes genomewide DNA demethylation, provided insights into the effect of genomewide methylation changes on spermatogenesis. Rodent models showed that exposure to these molecules triggers DNA hypomethylation in sperm along with a dose-dependent drop in sperm counts, impaired testicular histology, reduced sperm production and infertility [29, 30] . Interestingly, preliminary observations made in rodents were confirmed in humans since methylation changes in sperm DNA have also been identified in men showing disruptive spermatogenesis and more recently in idiopathic infertility cases [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . As analyses of DNA methylation pattern in Differentially Methylated Regions (DMRs) of H19 and PEG1/MEST in men with disruptive spermatogenesis clearly showed a link between reduced sperm counts and abnormal methylation [31] , several studies broaden DMRs analysis, including a larger number of genes: IGF2, PEG3, ZAC, LIT1, SNRPN as well as non-imprinted repetitive elements, such as long interspersed nucleotide elements (LINE1) and Alu elements, as surrogates for genomewide DNA methylation changes [33, 35] . Hypermethylation of maternally imprinted genes and hypomethylation in paternally imprinted genes were then observed. Thanks to the analysis of LINE1 and Alu elements, investigators concluded that the identified methylation errors were limited to imprinted genes and not genome-wide [33, 35] . Alternatively, other reports concluded that the whole genome of defective spermatozoa may be affected by methylation changes [32, 39] but the debate remains open regarding the trend of global methylation changes in sperm DNA from infertile men as compared to normospermic controls.
The contradictory nature of the results obtained in previous studies call for further investigations to better characterize DNA methylation errors associated with disruptive spermatogenesis and to elucidate the biological and the clinical consequences of these epimutations: whether DNA methylation changes are the cause or consequence of associated infertility.
Transgenerational transmission of methylation profile
Alteration of the germline epigenome may not only lead to potential sperm defects associated with fertility troubles, but can also be transgenerationally transmitted to the offspring resulting in the inheritance of various abnormal phenotypes such as spermatogenic defects, male infertility, breast cancer, kidney, prostate and immune dysfunctions [41, 42] (Fig 3) . A transient exposure to endocrine disruptors during organogenesis was shown to reduce fertility and sperm production in the adult testis [41] . This phenotype is transmitted through the male germ line over at least four generations without additional exposure. Although the transgenerational effect is transmitted principally through the male germ line, both males and females can be affected. This phenotype was associated with a global change of the genome methylation landscape in the male germline. The studies involved an exposure to endocrine disruptors in a window during in utero development that corresponds to the stage of primordial germ cells development. At this stage, DNA methylation profile undergoes major modifications, being demethylated and subsequently remethylated in a sex-specific pattern (Fig.2) . Similarly to imprinted genes, methylation profile of DMR was described to be transmitted from one generation to another [12] . However, the doses of drugs used for the studies conducted in rodents are much higher than what is actually detected in the environment.
Since the transmission via male germline, of various diseases in human is likely to involve epigenetic mechanisms, it is also probable that such environmentally-induced transgenerational epigenetic alterations may play a role in human male infertility [12, [43] [44] [45] . Thus, correct methylation landscape establishment in male germline is not only important to ensure normal sperm function as it also contributes to typical embryonic development and favourable offspring health. 
Conclusions
The present review highlights that spermatozoa are vulnerable to exposure to environmental hazards that may affect both sperm methylation profile and genome integrity. Although it is straightforward to analyse the consequences of exposure to given molecules in rodent models, the assessment of environmental factors in humans is complex as men are constantly exposed to a mixture of chemicals which renders difficult to draw conclusions. Furthermore, unlike in rodent models evidence for transgenerational inheritance in humans beyond the first generation is very limited. Based on the prenatal exposure hypothesis, alterations caused by in early exposure may be detected decades later. Therefore, it is imperative to identify factors with adverse effects to set up preventive actions.
